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SUMMARY

As an extensionofpreviousexperimentalwork
conductedto determinethefactorsinfluencingthe

furthertestswere
thermalconductance

acrosstheinterfaceformedbetweenstationaryplanesurfacesof
75S-T6aluminum-aUloyandAISIType416stainless-steelblocks.The
typesofjointsinvestigatedincludedbaremetal-to-metalcontact,con-
tactsurfacesseparatedby a goodconductor(brassshimstock),andcon-
tactsurfacesseparatedby a thinsheetofinsulation(asbestos).The
averagesurfaceroughnessofthemetalblocksrangedfrom10to .120micro-
inchesrootmeansq- attheinterface.Theplaneareasformingthe
interfaceweresurfacegroundto anaverageflatnessof*0.0C02inch.
Theaveragecontactpressureontheinterface-jointareavariedfrcm
approximately5 to 425psi. Themeantemperatureoftheinterfacewas
heldtowithin%0 of200°,300°,and400°F. Heatflowsof 7,000
to 80,000Btupersquarefootperhourproducedtemperaturedropsacross
theinterfaceoffromlessthan1°F to asmuchas 150°F forsomespecial
barejointsandto about200°F fortheinsulatingtypesofjoints.

INTRODUCTION

Inreference1,theeffeetofheatflow,temperaturedrop,tempera-
turelevel,andsurfaceconditiononthethermalconductanceacrossinter-
facejointswasexperimentallydetermined.Thematerialsofmajorconcern
were75S-T6aluminumalLoyandstainlesssteel.

Inthepresentinvestigationtheexperhental.workofreference1 is
extendedto includepressureasa variableinfluencinginterfaceconduct-
ance.Theintroductionofhighpressurehelpedto clarifya nmnberof
pointsnotfullyunderstoodpreviously.As a resultofa morepositive
surfacecontactdueto substantialpressure,findingsrelatedto material
properties,surfaceroughness,surfaceflatness,andtempe=turelevel
becamemorecoherent.Thepressureparameterthusgave,a newmeansto
explainimportanttrendsandalsocasta newlightonthecanplexphysical
phenomenaofheattransferacrossdiscontinuousmetaljoints.
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2 NAcA~ 3295

Theprincipalmaterialschosenforspechenswerestainlesssteel
and75S-T6aluminumalloyas inthepreviousinvestigation.Althoughit
wasrealizedthat24salIloysarebettersuitedforpreserrt-day,high-
temperatureapplicationsthanES alloys,thelattermaterialwaschosen
to obtainresultsthatcanbe comparedwiththoseofreference1 and
withotheravailabledata.

o

Thisinvestigationat SyracbseUniversitywassponsoredby andcon-
ductedwiththefinancialassistanceoftheNationalAdvisoryCommittee
forAeronatiics.TheauthorswishtothankMr.RobertLesterforhis
assistanceinconductingthetestprogram.

SYMBOLS

h thermalconductanceoftiterface,Q/At,Btu/(hr)(S~ ft)(%)

K thermalconductivity,Btu/(hr)(f%)(OF)

-P averageinterfacepressure,psi

Q heatflow,Btu/hr/sqft

t temperature,OF

tm meaninterfacetemperature,%’

tmt nominalmeaninterfacetemperature,%?

At temperaturedropacrossinterface,OF

x distanceindirectionofheatflow,ft

DISCRETIONOFAPPARATUS

Theapparatususedinthisinvestigationwasthesameasthat
describedinreference1 withtheadditionofa leversystemto apply
compressiveloadstothespecimenandwithseveralminormodifications
describedinthefollowingsections.

LeverSystem ,.
Theleversystemis showninfigure1. Itwasdesignedto apply

compressivelmds, inincrementsupto 425psi,totheinterfacecontacts ,
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NACATN 32% 3

understudy.In constructingtheleversystem,specialcarewastaken
to insureanaxialloadontheentireasseniblywhichformeda relatively
slendercolumn.Axialloadingwasattainedasnearlyaspossiblethrough
useofa locatingpin,projectingthroughthefire-brickinsulation,which
determinedthepositioningofthehorizontalloadingpin.

Modifications

No substantialchangesweremadeinthepreviouslyusedapparatus.
Theminormodificationswereasfollows:

Automatictimer.-An atiomatictimerwasusedto controltheradio-
frequencyheaterby cycklcswitchingwithinthesame120-secondon-off
cycleas inthepreviousexperimetiation.

Aluminumheatingheadandheatmeter.-Thesteppedcylinderthat
matchedthestainless-steelcylinderandmadeupthelowerpartofthe
heatingheadwaschangedfrom-copperto 2S-0al.-&ninum.It%s found
previouslythattheradio-frequencyskineffectandthehightemperature
causedrapidcorrosionandpeelingofthecopper.No satisfactorymethod
ofplatingwasfoundto elhinatetheseeffects.The2S-0heatinghead,
ontheotherhand,waspracticallyunaffectedafterlongheatingperiods.

Thepurecopperheatmeteroftheprevioustestswasalsoreplaced
by onemadeof2S-0aluminum.Thissubstitutionnotonlyeliminatedthe
previouslymentionedcorrosionandplatingproblembutitalsofacilitated
calculationssincethethermalconductivityof2S-0,unlikethatofthe
purecopper,wasvirtuallyconstantoverthetemperaturerangeencountered.

TEsc’PIUX!EDUKE

Thetestprocedureinthisinvestigationwassimilarto thatof
reference1 butwithmodificationsas a consequenceofapplyingpressure
totheinterface.Althoughtherewasno change
ofthetests,thissectionwi~ be repeatedfor

TheoreticalBasis

inthetheoretical
readyreference.

basis

FranthebasicFouriereqmtion,
partoftheheatpathisgiven%y

Q=K

thesteady-stateheatflowatany

atz (1)
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4 NAcAm 3293

then

or

Ifthethermalconductanceoftheinterfaceisdefinedas
o

h Q=—
At

h(At)=K&

Kg
h =—

At

Thetemperatureattheboundaryofa

‘.

(2)

(3)

(4)

specimencanbe obtainedby
extrapolati~thetemperature-distancerelationetistingintheinterior
ofthespecimen.ThetemperaturedropacrosstheinterfaceAt isthus

determined.Inequation(4)theproductK ~ istheheatflowperunit

area.Thiscanbe
2S-0alminumheat
oftheal.minum.

Lui.

obtainedbymeasuringthetemperaturegradientinthe
meterandmultiplyingthisgadietiby theconductivity

DescriptionofSpecimens

Thetestspecimenswhichwereusedto provi”detheinterfacesfor
testingwere‘73S-T6aluminum-alloyorAISIType416stainless-steelblocks
3 inchesindiameterandapproximately1 inchthick,as inreference1.
Thefacesweresurfacegroundto specifiedroot-mean-squareroughnesson
a Blanchardsurfacegrinder. All spechensofthesameroughnesswere
machinedshmltaneouslywithonesinglesetuponthegrinder;therefore
theroughnessandflatnessvalueswerenearlythesamewithinsucha
groupofspectiens.Theroot-mean-squareroughnesswaschecked,both
beforeandtier thetests,by a Brushsurfaceanalyzerequippedtitha
root-mesm-squareindicator,andtheflatness,by comparisonwitha stand-
ardsurfaceplate.

Pertinetiinformationconcerningindividualspecimenpairsisgiven
intable1.

ThermocoupleTechnique

Localtemperaturesweredeterminedinthespecimensandtheheat
meterbymeansof iron-constantanthermocouplesmadeofBrownandSharpe
gage30We. Afterthethermocouplebeadiasformedby a direct-current I

— ——— -.—



NAcATN329 5

arcwelder,thelengthofbareandinsulatedleadwhichwasto liewithin
thespecimenwasdippedinGlyptallacquertoprovideinsulation.The
thermocouplewastheninsertedintoa O.046-inchholedrilledradially

5 1 inchdepthandfilledwithwetcopperinthespechensto~ -,1-,or12-

dentalcementwhichwhensetservedto holdthethermocouplefirmlyin
placeandprovidegoodheattransfer.To insureadditionalstrengthof

.
thefineleadsa ~ -inchlengthoftheoutsideinsulationwasinserted

4
intheholecountersunkforthepurpose.Thepointofentryoftheleads
wasalsoreinforcedby siliconemibber.

Thethermocoupleswereplacedat oneortwotransversesectionsin
theheatpathineachofthetwospecimens.Thetransversesectionnear-
esttheinterfacewaslocatedat eitherO.MXlor0.050inchfromthe
interface.Inmostcasesthisonestationwassufficientbecausethe
relationshipbetweenthetemperaturegratientintheheatmeter(measured
overa distanceof3.75inches)andthatinthespecimenshadbeenestab-
lishedby a largenumberofprevioustests.A secondstationalongthe
heatpath,however,madeitpossibleto checkthetemperaturegradient
whenitwasdesirable.

Thenumberofthermocouplesusedat onelevelvariedfromtwoto six,
placedat differentrqdialdistancesandangulmpositions.Theuseof
thermopileswasabandonedbecauseitwasfelttobemorehrpotiantto
detectanyunevennessoftemperaturedistributionasrevealedby inti-
vidualreadingsthanto obtaina greatersensitivity.

ConductofTests

Theeqtipmentwasassedledas showninfigme 1. AILinterface
junctionswerethoroughlycleanedwithacetone.Thinalumimmfoilwas
placedbetweenW contactsurfaces,excepttheinterfacetobetested,
to reduceundesirabletemperaturedrops.Allinterfaceswerethensealed
attheperipherywitha siliconerubbercompound(Silastic1$22).This
sealpreventedanyforeignmaterialfromenteringtheinterfaceduring
testingwhentheapplicationandremovalofloadmighthavejarredthe
testcolumn.Furthermore,thesiliconerubberwhenhardenedbetween
300°F and400°F provideda firmnonconductinglinkforthespecimen
pairsto betested,strongenoughtomaintaintheiroriginalmatching
positionforfurthertests.No significantresidualtensionwasretained
whenthesettingtookplaceduringanapplicationofpressuretothe
specimensfollowedby reliefoftheload.Thesiliconerubberwaseasily
removablefornewasseniblyorinterfacematching.

~er settinguptheheatingcolumn,as seeninfigure1,andfilling
thecontainerswithdiatomaceousearthinsulation,themaximumloadwas
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appliedto flattenthehighestpointsintheinterface;theloadwas
thenremovedandheatingstarted.

Thespechenswerebroughtuptothedesiredtemperaturegradually
andwhenbakncewasreachedthecyclicswitchingoftheradio-frequency
heaterkeptthemeaninterfacetemperatureat,orverynear,the200°,
300°,orh~” F levels.

Thecontinuouslyrecordedheating-headtemperaturegavean indica-
tionofthedirectionofnecessaryadjustmentintheheatingcyclefor
reachingandrmintainlnga steady-stateheatflowthroughtheheatmeter
andinterface.Thetypeandamountofcoolingwasusuallyleftunchanged
duringthisprocedure.Therewas,ofcourse,a timelagbetweenthe
temperaturevariationintheheatingheadandinthespecimens,which
occasionallyrecpiredappro-tely anhourfortheappaxatusto reacha
staticthermalbalance.Whena steadystatewasevidencedby constant
temperaturesfora reasonableperiodoftime,allthermocouplereadings
weretakenin quicksuccession.

Thegeneralsequenceoftestingwasasfollows:

(1)200°F interface,lowrateofcooling;fourpressuresinincreasing
order(approxdmately5, ~, 24o,and42>psi)sfterwhichloadwascom-
pletelyre~evedandtheabovefourpointswererepeatedto checkconsist-
encyandpossibleexperimmrklerrors

(2)3~Q F interface,
above

(3)400°F interface,

(4)200°F interface,

(5)3~0 F interface,

(6)4W0 F interface,

lowrateofcoolLng;twiceatfourpointsas

lowrateofcooling;twiceatfourpoints

highrateofcooling;twiceatfourpoints

highrateofcooling;twiceatfourpoints

highrateofcooling;tticeatfourpoints

Ina fewcases,inorderto investigatetheimportsmceofthepre-
viousheating-and-loading
reversedorinterchanged.

Thepossiblesources

historyofthespecimens,theaboveorderwas

PRECISIONOFDATA

oferrorsinthisinvestigationweregenerally
thesameasthosediscussedinreference1. Theradialheatlosses .
throughtheinsulation,previouslyconsideredinsignificant,weremeasured

-. ..-



ina numberofrepresentativetestsandwerefoundnotto exceed5 per-
centofthemeasuredheatflowundertheworstconditions(suchas low
contactpressureandpoorinterfaceconductance).Thiserrorwould
resultinthesamepercentageoferrorintheconductancevalues,butit
WEMdecidedthatcorrectionswereunnecessary,sincetheerrorisalways
inthesamedirectionanddoesnotinfluencetherelativemagnitudeof
theresults.

Althoughthermocoupleswereplacedas closeaspossibletotheinter-
face(0.100orO.@O inch),a linearextrapolationoftheaxialtempera-
turegradientcouldhavebeeninaccuratewhenthisgradient.waslarge,
whenthetemperaturedropwasunusuallysmall,orwhena ra&Lalgradient
ofsufficientmagnitudewaspresent.However,anyerrordueto this
extrapolationwasassumednegligible.

Theconductance,as determinedby theheatflowandthetemperature
dropattheinterface,isa valueaveragedovertheentireinterfacearea
ofapproximately7 squareinches.Sincethetemperatureadjacenttothe
interfacewascomputedby averaginga numberofthermocouplereadingsin
thesametrsmsversesection,anyunevennessofheatflowovertheinter-
face,althoughinfluencingtheconductancevalueconsiderably,isnot
representedas suchintheresults.Itisbe~eved,however,thatthe
thermocouplesweresolocatedwithinonetransversesectionthata simple
arithmeticaverageprovideda goodrepresentativetemperaturevalue.

Thevariationinconductivityofthe2S-0alumimnnheatmeterinthe
temperaturerangeutilizedwasestimatednotto exceed2 percent.The
errorinthedeterminationoftheheatflowandconductancevaluesdue
tothiscausewouldthusbe *2 percent.

Alltheaboveitemsmightinfluencetheconductancevaluepresented
to an esthated*1Opercentintheextreme,butitwouldbeverydifficult
to computethemexactlyineachofthehundredsoftestruns.There’isno
danger,however,thattheerrorswereofa cumulativeor ofa widelyfluc-
tuatingnatureandthuswouldtendto obscurethetrendsdetectedinthis
investigation.

REsuIn?s

Theresultsofthetestsmadeto determinetheconductanceofvarious
interfacejointsaregivenintableII. Thistablerecordsthetempera-
turedropacrosstheinterface,thequantityofheatflowing,andthe
interfaceconduclxmceforeachtestforfouxdiffewmtpressurelevels
ateachofthethreemeaninterfacetemperatureschosen.Thedataof
tableIIarealsopresentedina seriesofcurveswhicharediscussed
below. (Seefigs.2t011.)
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Theeffect
75S-T6aluminum
Infigures2(d)
stainless-steel
theresultsare

,,

EffectofSurfaceRoughness

ofroot-me--squaresurfacerdughnessonconductancefor
jointsmaybe seeninfigures2(a),2(b),2(c),and2(f).
and2(e)theconductsmceofinterfacesformedbetween
specimensoftwodifferentroughnessesisplottedand
cmparedinfigure3. It isapparentthatatanypres-

sureleveltheconductanceincreasesastherootmeansqyareofthesur-
faceroughnessdecreases.However,becauseofscatterofdatathereis
occasionallyan overlapoftheconductancevalueswhentheroot-mean-
squareroughnessischosenasa parameter.An explanationofthesig-
nificanceofroughnessas expressedintermsoftheroot-mean-square
valuewasgiveninreference1. Thereasoningisnotaffectedby the
introductionofthepressureparsmeter.

Asmightbe expected,conductancevaluesformatchedspectinsof
thessmematerialbutofdifferetiroughnessesareintermediatebetween
thoseforeachofthetworoughnessesidenticallymatched.Thecon-
ductanceofan interfaceformedbetween75S-T6aluminumspechensof
10-and120-microinchroughness,respectively,is sh~ infigure2(f)
andthecomparisonoftheabovespecimenpairandthoseofidentical
roughnessesismadeinfigure4 forthe200°F andbOO F mean-temperature
levels.

Matchingof stainlesssteelwith‘73S-T6aluminumgaveconductance
valueswhichdidnotHe betweenthoseforthesamematerialsinidenti-
cslpairs,asmaybe seenbycompsrimgfigure8(b)withfigures2(b)
and2(d).Furthermore,conductancevaluesforthedissimilarpairare
greatlydifferentfordiffererctdirectionsofheatflow,andthereisa
reversalofa nuniberofpreviouslyestablishedtrends.Thisapparently
anomalousbehaviorisanalyzedinthesectionentitled“Discussion.”

W?fectofPressure

Sincetheinterfacepressureisthemost@or’t@ ofalltheparam-
etersinfluencingtheinterfaceconductance,mostofthecurveswere
plottedwiththeconductanceandpressureas coordinates.Figures2(a)
to 2(f)showa represefiativesetofconductance-versus-pressurerelat-
ionshipsforfoursetsof7’5S-T6aluminum-alloyspec~ns andfortwo
setsofstainless-steelspecimenswithvarioussurfaceroughnesses.Two
testrunsweremadeforeachofthefourpressuresoneachcurve.Because
ofthe13nrLtednumberofexperime?.rtalpointsthecurvesasdrawnarenot
aspreciselylocatedastheywouldbe ifa meanina bandof scatter
couldhavebeendetermined.Thesecurvesareadequate,nonetheless,for
indicationoftrendsasfollows:

.
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(a)Theinterfaceconductanceincreaseswithpressure.Thisrise
isappreciableinthelowpressurerange(betweenO andappro-tely
100psi)butlevelsoffinthehigherpressurerange.

(b)Theincreaseofconductancefora givenpressureincrementis
farmorepronouncedforthesoftmaterial(75s-T6aluminumalloy)than
it isforthehardmaterial(stainlesssteel).

(c)Fora givenpressureincrementthepercentageincreaseofcon-
ductanceisaboutthesameforallmeaninterfacetemperature~.For
75s-T6alminumspecimensthispercentageincreaseishigherforrougher
surfaces,butitisappromtely thesameforstainless-steelspecimens
of’anyroughness.r

(d)Fora givenpressureincrementandinterfacetemperaturethe
absoluteincreaseof conductanceishigherforsmoothersurfaces.

(e)Forstainlesssteel,theabsoluteincreaseofconductancewith
pressureseemstobe independentofthemeaninterfacetemperature,but
for75S-T6aluminumthisincreaseisapproximatelytwiceasmuchatthe
400°F interfacetemperatureas,itisatthe2000F interfacetemperature.

Theabovetrendsarereconcilablewiththeconceptthattheinter-
facepressuzecausesmicroscopicdeformationsintheinterfacematching
configurationwhichisfurtheraggravatedbythelossof strengthofthe
materialat elevatedtemperatures,especiallyinthecaseofthe
75S-T6alloy.Theseobservationswillbe amplifiedinthesection
entitled“Discussion.”

JKfectofMeanInterfaceTemperature

Thefactthatconductanceriseswiththemeaninterfacetemperature
levelatlowinterfacepressurewasestablishedinreference1. Inthe
presentinvestigationitwasfoundthatthepercentageriseisofabout
thesameorderofmagnitudeathigherpressurelevelsasatthelowpres-
surelevel.As showninfigures5(a),5(b),and5(e),for75S-T6aluminum-
alloyspecimens,an increaseinmeaninterfacetemperaturefrm 200°F
to 400°F causessm increasein conductanceof35to 110percentofthe
low-temperaturevalue(withtherougherspecimensshowingthe~eaterper-
centageincrease).Forstainless-steelspecimens,asmaybe seeninfig-
ures5(c)and5(d),thispercentageincreaseis smaUer,thatis,from
15to 35percent.

EffectofTemperatureDrop

Thecoqpletebodyofavailabledataindicatesa tendencyforcon-
ductancevaluesto increasewiththetemperaturedrop At whenthemean

—.- —..— .— .. ..... . -.— - —----—- --— ..— — —— —.-. ---- _ ——. . ....— — — ———.._ —---
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interfacetemperatureandthepressureareheldconstant.Despitea few
b

examplesindicatingan oppositetrend,orno changeat all,thetendency
to increaseisclearlydcminantinthestatisticalsense.Theconductance
maybe asmuchas 3 percenthigheronaccountofhighervaluesof At
(due,inturn,to higherheatflow)inthegeneralcasebutisnevermore
than10percentlowerwhenan oppositetrendisindicated.

Effectof SandwichMaterial

Theeffectofbrass-foilandasbestos-sheetsandwichmaterialonthe
conductancewasinvestigatedandtheresultsareshownk figures6 and7.

Asmaybe seeninfigure6(b),whenbrassshimO.001-inchthickwas
usedbetweenrough(100-microinchroot-mean-sqmre)stainless-steelinter-
facesithadlittleeffectonconductanceat lowpressurebutincreased
theconductanceby asmuchas50percentatthehighestpressureapplied.

A brassshimusedbetweenrough73s-1116aluminuminterfacesagainhad
littleeffectatlowpressurebutloweredtheinterfaceconductanceabout
30percentatthehighpressureas infigure6(a).ws differencein
theeffectofthebrassshimonthetwodifferentmaterialsisexplained
inthesectionentitled“Discussion.” ,

Figure7, men comparedwithfigure2(e),showsthattheeffectof
asbestossheetwasto lowertheinterfaceconductanceforstainless-steel
interfaces,atallpressurelevels,by about80percent.

Timeasa FactorinConductance

An increaseofconductancewithtimewasdetectedduringextended
runswith75S-T6specimens.Theentireheatinghistoryofeachspecimen
wascarefulJyrecordedduringtesting.Oftenthespecimenswerekeptat
constanttemperatureforas longas6 to 8 hourswhiletheloadwasvaried
orprevioustestswererepeated.Itwasdiscoveredthattheinterface
conductancehada definitetendencyto creephigherduringtheseday-long
heatingperiods.Therefore,a t~-dependentphysicalpropertyofthe
metal(and,consequently,oftheinterfacejoint)isalsoinvolvedinthe
interfaceconductance.However,thischangewasnota permanentone
sincetheinitialresultswerecloselyreproducibleafterabout6 hours,
durhgwhichtimethemetalwasallowedto coolto roomtemperature;
thatis,therewasno indicationthatthehigherconductancehadbeen
retaineduponreestablishmentofthessmeconditions.

.
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EffectofTestReasseniblyandInterfaceMatching

As seeninfigure10 itwasfoundthatdifferentassembliesofthe
heatingapparatus,withoutdisturbingtheinterfaceunderinvestigation,
resultedina scatterofconductancevaluesnotexceeding15percent.
Partofthisscattermaybe dueto instrumentationdifferencesandpart
duetothetimeeffectdiscussedabove.In anycase,testreassenibly
as suchisofdoubtfulimportance,as shownby examplesinfigureIl.
It canbe seeninfiguren(a) thatconductancecanbe reproducedwithin
15percentevenwhenbotha newheatingasseniblyandnewinterface
assemblyaremade. Resultsnotlessconsistentcanlikewisebe obtained
bytestingentirelynewspechenpairsofthesameroughnessas seenin
figureU(b). It istobe realized,ofcourse,thatinboth@tances
theseparateeffectsofa newtestassemblyandinterfaceconfiguration
couldhaveeitheramplifiedorcanceledoneanotherindeterminingthe
reproducibilityofanypreviousconductancevalue.

InfigureLl(c)theresultsoftwotestsrunwithtwodifferent
pairsofspecimensofthesameroughnessarepresented.Thelargedif-
ferencebetweenthetwotests,observedespeciallyathighpressure,is
ascribedto an exceptionallygoodmatchinginoneofthetwotests,not
normallyattainableinmachiningby ordina~means.A flatnessof
0.0002inchwasmaintainedineachspecimen,butapparentlyitwaspossi-
ble,withoutanyspecialcare,tomachineandmatchat leastonespecimen
pairto suchnearperfectionthatconductancefiveto sixtimesashigh
as inthenormalcasecouldbe attained.Theextrapolatedtemperature
dropacrosssuchan interfacewasintheorderof1°F forpressuresof
over300psi.

DISCUSSION

Themechanismofheattransferacrosssurfacesincontactisexceed-
inglycomplex.Thegreatnumberof interrelatedfactorsmakeitdiffi-
cult,ifnotimpossible,to establisha clear-cutcause-and-effectrela-
tionshipexperimentally.Fromthepointofviewof obtainingresults
usefulinactualdesign,onlylimitedsuccesshasbeenattained,since
theconductancevaluesmeasuredcannotbe preciselyduplicatedwithout
duplicatingtheexperimentalconditions.However,froma designstand-
pointthedatacollecteddo indicatetheorderofmagnitudeandrangeof
theconductancevalues,aswellasthetrendsfortheirvariation.

Thetrendsfoundby experimentationaremoreorlessexpected.That
theheattransfershould3mprovewithsmoothersurfaceandhigherpressure
iscertainlypredictable;thattheconductanceisnotgreatlyaffectedby
theheatflowortemperaturedropiscompatiblewiththeconceptthat
causeandeffectusuallyexhibita certainlinearrelationshipin a small

.-— — .——...—.—-——— ____ ____ - . .. ..- ___ _ — . . .
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.

rsnge(i.e.,snOhm’slawanalo~toheattransferholdsapproximately);
andthatconductanceshouldrisewithtemperaturelevelmightconceivably
be reasonedfromtheincreaseintheconductivityofthesirathigher
temperatureandby theradiationlawsalone.Theimportanceoftheresults
obtsinedthereforeliesin somethingelse,namely,intheextentof
reproducibilityandconsistency.Inthepresentinvestigationthecon-
sistencyattsinedemphasizestheimportanceofthematchingconfiguration
oftheinterfaceandin&Lcatesa greatercomplexityofthisconfiguration
thenpIWiOUS~ aSSUIIld.

Otherinvestigatorsoftheproblemhaveinquiredastothepercent-
ageofheattransferredacrossthesurfacesin contactandto theamount
of surfacewhichis inmetal-to-metalcontact.Intheopinionofthe
authorsofthepresentreport,theseproblemsareunanswerableaswell.
asunhportant,notbecauseofthelackofdefiniteresultsbutbecause
ofthelackofdefinitionoftheconceptof surfacein“actual”contact.
Ammaent’sreflectionwSU revealthatona microscopicscalethereexists
no sharpdemarcationbetweencontactandseparation;and,evenif such
demarcationcouldbe conceived,as longastheairbetweenthesurfaces
isa conductorthetransitionbetweenfiniteresistanceandzeroresis-
tanceat anyplaceontheinterfacemustbe continuousandgradual.
Insteadofislandsof contactandseasof separationtheinterfaceshould “
be visualizedasa regionvaryinginthicknessfromtheorderofatmic
spacingtothatofa fewten-thousandthsofan inch.Inthisregionair w
moleculesoffinitesizemoveaboutrandomlyunderthermalagitation.
Sucha configurationiscapableof changesinan infinitenumberofways;
somearereflectedby a changeof conductanceandothersarenot. It iS
to be expectedthatthemoreintimatelythetwosurfacesareincontact
themorea smallchangeinthematchingconfigurationwillbe reflected
by a netchangeofconductance.Thisaccountsforthefactthatpressure
hasa morepronouncedeffect,asevidencedbytheabsoluteriseofcon-
ductance,on smoothersurfacesthanonroughersurfaces,andthatthe
smountof scatteringincreaseswithincreasingpressureanddecreasi~
roughness.

Thefactthata substantialchangeinconductancecanbebrought
aboutwithoutoutwardlydisturbingthesurfacematching,as infigure10,
indicatesthattheso-calledseparationbetweenthesurfacesincontact
isofa muchsmallerorderthancommo~ybelieved.Forspecimenswith
well.-prepredflatandsmoothsurfacesthereprobablyexistsa largepor-
tionofthetotalinterfaceareawhere theseparationisoftheorderof
themeanfreepathofairmolecules,thatis,a fewmicroinches.A new
conceptofairfilmexktingbetweensuchsurfacesmaybe necessaryto
explRinsuchstrikingbehavioras seenintest16 offigureXl(c).Here
thetwospecimenswitha surfaceroughnessof10microinchesrootmean
squareformeda contactjointwhoseconductancevaluerosesohighthat
theetirapolatedtemperature drop At attheinterfacefe~ to 1°F or
lessatthehighestpressuresused. Thishighinterfaceconductance

—.— —c— —.-
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persistedevenafterthessmespecimenswerereassenibledwitha different
orientation.Itmustbepointedout,however,thatsuchnear-perfect
matchingwasina senseonlyanaccident,observedonlywithoneparticu-
larpairofspecimens.Butthefactthatsuchanaccidentdoeshappen
indicatesthegreatsensitivityof conductancevaluetowardminutechanges
inthematthingconfigurationwhentheseparationisgenertiysmall.
Fortumtely,froma practicalpointofview,thelargefluctuationin
theinterfaceconductanceoccursonlywhenitsvalueishigh,andin such
instancesthethermalresistanceofferedbythediscontinuitycanbe
neglected.

Ofallthefactorswhichcontributetothechangeininterface
matchingconfigurationthefactorofinterfacepressureisperhapsthe
mosthportant,Itproducesdeformationsintheboundmysurfacesboth
elasticallyandplastically.At lowpressure(fromO to perhaps100psi)
itseffectisespeciallylarge.As thepressureincreases,thehtching
becomesmoreintimate;additionalpressureproducesincreasinglyless
deformationsothattheincreaseofconductancevaluetendsto leveloff
inthehighpressurerange.Thustheeffectofpressureismorepro-
nouncedatlowpressure,notbecauseofthedifferenceinover-alldefor-
mationofthespecimensbutbecauseofthelocaldeformationoftheso-
called“peaks.” ShKLarly,itisnotedthattheeffectofpressureis
morepronouncedinsoftermaterialsthaninhardermaterials.Thelat-
terobsenationmaybe substantiatedby notingtheoppositeeffectsupon
theconductancevalueproducedby a O.001-inchbrassshimsandwiched
between73S-T6sluminumandbetweenstainless-steelspecimens.There
theeffectofpressureseemstobe governedby thehardnessofthesur-
faceandsandwichmaterialratherthanby theover-alldeformationof
surfaces.Underanycircumstancetheplasticdeformationproducedby
theinterfacepressureuponthesurfacesthemselvesmustbe highlylocal-
izedsincenomeasurablechangecouldbe detectedeitherintheroughness
orintheflatnessafterthespecimenshadbeensubjectedtothehighest
interfacepressureapp13.ed,buttheeffectofthescatteredlocalized
changesupontheover-all matching configurationmaybe quitepronounced.

Theelasticandplasticdeformationscausedbythepressureand
resultingina cha@e ofinterfaceconductanceareundoubtedlyinfluenced
by thetemperatureleveloftheinterface.Thelargeamountofrise,
withtemperature,intheconductanceofinterfacesbetweenaluminum-a2J_oy
specimensunder high interfacepressurecannotbe attributedsolelyto
changesinair-filmconductivityandintheamountofradiation.

It isimprobablethatthestrengthofthestainlesssteelwassuf-
ficientlyaffectedbythetemperatureintherangeoftheteststo influ-
encetheinterfaceconductance.However,it iswelJ.knownthataluminum
alloysbehaveuniquelywhenloadedatelevatedtemperatures.Specifically,
themodulusofelasticityofthe75s-T6alloy,as showninreference2,
dropsapproximately1>percentandboththeultimatetensilestressand

.-. . —— .---— -— -- —-— — .—— .——. —-— .-
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tensileyieldstressdropasmuchas50percentinthetemperaturerange
ofthetests,withbotheffectsbeingacceleratedasthetemperature
increases.It isdifficult,ofcourse,to separatetheeffectsofpres-
sureandtemperatureontheinterfaceconfiguration,whensuchisthe
case.It isbelieved,however,thatthedataplottedinfigures5(a),
5(b),and5(e)pointto lossof strengthasamechanismwhichhasjust
asmuch,ifnotmore,importanceintheriseof conductancewithinter-
facetemperatureastheair-filmconductivityandradiation.

Thefactthattheloss-of-strengtheffectisnegktgibleinthe
stainlesssteelisapparentfromfigures5(c)and~(d);herethetendency
shownbytheconstant-pressurecurvesisnotmuchalteredby eitherthe
pressureortheinterfacetemperature.

Oncea giventestasseniblyhadbeensubjectedtothemaximumload
atroomtemperature,subsequentloadingcyclesatelevatedtemperatures
seemedto cause’deformationsthatwereforthemostpartimmediately
recoverablein stainless-steelspecimensbuttime-dependentin2S-0alumi-
numand~S-T6aluminum-alIloyspecimens.(Nodataarepresentedinthis
reportfor2S-0ahminumsincethematerialis ofnopracticalsignifi-
cance.However,tests wereperformedwith2S-0to checkmetallurgical
effectsas comparedwith75S-T6.)Thistime-dependency,partlyresponsi-
bleforthescatterinfigures2(a),2(b),2(c),and2(f),canbe
ascribedtophenomenainvolvlngcreep,relaxation,andothermetallurgi-
calchanges,bothphysical.andchemical.At thetemperaturelevels
encounteredsuchphenomenaaremuchmoreimportant,asfarasthechanges
inmatchingconfigurationareconcerned,for2S-0and75s-T6aluminum
specimensthanforstainless-steelspectiens.Hence,fora givenassem-
bly,expertiental points can be reproducedwithoutmuchdifficultyfor
thelatter.Thefluctuationofconductancevaluesassociatedwiththe
timefactoralonewasaboutofthessmeorderfor2S-0aluminumasfor
75S-T6aluminum-alloyspecimenseventhoughmetallurgicalchangessuch
asprecipitationandrecrystallizationarenotlikelyinthe2S-0.Pos-
siblythelowyieldstrengthofthe2S-0hadthesameover-alleffecton
conductancevariationsasthemetallurgicalchangesinthe75S-T6alloy.

Anotherimportantfactordeterminingthevalueofandcontributing
tothechangesin interfaceconductsmceisthewarpingofthebounding
surfaces.Becauseofthetemperaturegradientinthespectiens,both
axialandradial,a certainamountofwarpingisunavoidable.Ifthis
warpingproducesa poorermatching,eitherattheinterfaceunderinvesti-
gationoratthecontactplaneswiththeheatingandcoolingelements,
theresultingnonuniformityintheheatflowproducesadditionalwarping
whichmayag@avateor@rove theover-all.matchingpattern.Because
oftheseuncertainties,theeffectofwarpingisdifficultto assess.

Theseriesoftestsconductedtithanassemblyofdissimilarmaterials
gaveresultswhicharerather~ficult to explainadequately.Thefirst
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arrangementoftbistypeconsistedofa 75S-T6alminmn-alloyspecimen
incontactwithstainlesssteel,withheatflowingfromthealuminum
alloytothesteel.Thiswasfollowedby a secondsetoftests,with-
outoutwardlydisturbingtheinterfaceassedily,wherethespecimenpair
wasinvertedsothattheheatnowflowedfromthestainlesssteeltothe
75S-T6aluminumspecimen.Itwasfoundthatthesameinterfacepresented
greatly clifferentthermalresis@ncesforthetwoclifferent directions of
heat flow, with the first arrangement giving conductance values several
tties higher than the second, as may be seen in figure 9. Whentheheat
flowedfromthe75S-T6alminumtothestainlesssteel,theconductance
valuesfellroughlybetweenthoseof 75S-T6specimenpairsandstainless-
steelspecdmenpairsofcomparableroughness.In contrast,theconduct-
antevaluesnotonlyweremuchlowerinthesecondarrangement,butwere
evensmkllerthanthosedisplayedbytheccmibinationofstainlesssteel
to stainlessst’eel.

Inthecaseofheatflowfrom75S-T6aluminumto stainlesssteelit
wasfurtherfoundthatno definitetrendswithrespecttotemperature
levelwerediscernible,as seeninfiguxe8(a),suchasthoseobse-d
in identicalpairs.Inthereversedcase,asmaybe seeninfigure8(b),
thetrendsweredefinitebutreversedincmparisonwiththosefoundin t
allothertests.Mosthrportantisthedecreaseofinterfaceconductance
withincreasingtemperaturelevel.(Thethermocouplesdidnothavea
commongroundsoanythermalvoltagewhichmighthavebeensetup atthe
interfaceorbetweenthespecimensandthermocoupletie couldnotaffect
thereadingofthepotentiometers.)

Thispuzzling phenomenon maybe partially explained by warping of
thespecimens.It isknownthat,asidefromtheteqerature~adient,
warpingcanalsobe causedathightemperatureby thereliefofroom-
temperatuxeresidualstressesinanumannealedspecimen.It is sus-
pectedthatevena smallsmountofwarpingis ofconsiderableimportance
fromtheviewpointthatmintiechangesinthematchingconfiguration
couldbe criticalandthatsuchwarpingdidoccurettheelevatedtempera-
turesofthetests,especiaUywhenthesituationwasaggravatedby the
effectsofradialandaxialtemperature~&Lents.

Themeantemperatureofthetopspecimenincontactwiththeheating
elementmustobviouslybe higherthanthemeaninterfacetemperature;
conversely,thebottm specimenin contactwiththecoolingelementis
alwaysata lowertemperaturethanthemeaninterfacetemperature.There-
fore,fora givenconstantinterfacetemperaturelevel,themeantempera-
turesofthetwoindividualspecimenblocksarealwayssubstantiallydif-
ferentdependingontheirposition,toporbottom,withrespecttothe
directionofheatflow.

Intheexplanationofthisphenomenonitistheorizedthatthetem-
peraturelevelpsrtlydeterminestheamountofwarpingandthatwarping
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getssuccessivelymoresevereasthemeantemperatureofthespecimen
blocksincreasesandtheroom-temperatureresidualstressesaregradually
rekLeved.Then,as initialwarpingoftheslightestamountoccurs,the
contactsreasthroughwhichheatistransferredtendto shiftinloca-
tion;theoriginalmoreorlessuniform@al heatpathisupsetand
theseinterrehtedchangesprogressuntila balancedconditionoflocal
temperaturesandover-allwarpingisreached.

Inthecourseoftheteststherewerea numberofindications
pointingtothefactthatthewarpingwhichresultedindistortionof
theinterfaceandabnormalconductancevalueswasmainlydueto the
stainless-steelspecimeninthedissimilarpair,ratherthantothe
75S-T6aluminumspecimen.Whenthepresenceofseverewarpingwasindi-
catedby anunreasonablylowconductancevalue,thereaMngsof sever.@
thermocouplesplacedatdifferent,radialandangularpositions,butat
thessmedistancefromtheinterface,showeda tidescatterinthe
stainless-steelspecimen.ThisUnmistakablypointsto a largegradient
intheradialdirection.It iseasytoreasonthatthislargegradient,
whichispartlyduetothepoorconductivityof stainlesssteel,till
setup largethermal.stressessothatthecauseandeffectofwarpingis
interlocked.

Whenthespecimenpairwasinverted,withoutdisturbingthesealed
interfacejoint,andtheheatflowedintheoppositedirection,theinter-
faceconductancereturnedto whatwasbe~evednormal,and,atthesame
the, thepreviousscatterinthessmethermocouplereadingsinthe
stainless-steelspecimendroppedto a negligiblevalue.It istobe
notedthat,inbothinstances,thescatterwassmallinthethermocouple
readingsinthe75s-1116aluminumspecimen.

If itisacceptedthattheinterfaceconductancedecreaseswiththe
intensityofwarping,whichinturnincreaseswithtemperature,and,
furthermore,iftheover-a12matchingpatternofthecombinationof
stainlesssteelto aluminumalloyisdminatedby thewarpingofthe
stainlesssteel,thetrendsapparentinfigure8(b)areself-evident
andsoarethelargedifferencesbetweenthetwobandsoffigure9.

Therecanbe,however,at leastonelegitimateobjectiontothe
aboveexplanation,nsmely,thatthecombinationof stainlesssteelto
stainlesssteelshowedgenerall.ybigherconductancevalues(fig.2(d))
thanthecombinationofstainlesssteeltoaluminumalloyforoneofthe
twodirectionsofheatflow.

Theexplanationheremustfailbackonthepreviouslymentionedfact
thatthepatternsofwarpingarequiteuncertain&nd,becauseofunlmown
heat-flowpatterns,unpredictable.It isentirelypossible,forinstance, ‘
thattwostainless-steelspectins,obtainedfromthesamelotandpre- .

psredbythessmemachiningoperations,lwarpinexactlythesamewayand
, (,
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approximatelyto thessmecurvatureundertheeffectofthermalgradients
ofthesamedirectionsothattheneteffectcanbe a negligiblediffer-
enceinseparationofthetwospecimenswithtemperature.Thewarping-
versus-thermal-gradientmutualrelationshipcanweliLbe a self-canceling
oneinthiscase.

Theabove-meritioneddirectj.onality phenanenonwasdiscussedinsome
detailbecauseof itsgeneralinterest,althoughworkbeyondthefew
testsconductedwasconsideredoutsidethescopeofthepresentinvesti-
gateion. Furtherinvestigationofthisphenomenonmaybe ofinterest.

CONCWSIONS

Thefollowingconclusionshavebeenmadeuponexaminationofthe
experimentalresultsofthermal-conductantemeasurements:

1.Thethermalconductsmceoftheinterfacejointincreaseswith
pressure.Thisincreaseisappreciableat lowpressuresbutlevelsoff
athigherpressures.

2.Fora givenpressureincrementthepercentageincreasein con-
ductanceisaboutthesameforW meaninterfacetemperatures..

3. Thethermalconductanceoftheinterfaceincreaseswiththemean
interfacetemperature.Thepercentageofincreaseisofaboutthesame
orderofmagnitudeathighandlowpressures.

4.At anypressurelevel,thethermalconductanceoftheinterface
jointgenerallyincreasesastherootmeansquareofthesurfacerough-
nessdecreases.However,surfaceroughnessaloneisnota dominant
parameterindeterminingthermalconductanceofcontacts,forover-all
flatnesshasa moreimportantroleindeterminingtheconfigurationof
surfacematthing.

5.Thereisa tendencyfortheinterfaceconductancevaluesto
increaseslightlywiththetemperaturedrop At whenthemeaninterface
temperatureandthepressureareheldconstant.

6. Theeffectofa O.(Xll-inch-thickbrassfoilsandwichedbetween
thesurfacesisto increaseconductancewhentheinterfacematerial.is
harderthanthebrassfoilbutto decreaseconductancewhenthematerial
is softer.A O.01-inch-thickasbestossheetlowerstheconductance
betweenstainless-steelsurfacesby asmuchas 80percent.

7. Whensubjectto repeatedheating-and-loadingcyclesthematerials
investigatedreveala pronouncedbutvariedlossandrecoveryof strength,

.—..—. .-. ——-— —.——_____ .. . .. . —-—.—- —-— —-. - —.— ..- .
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whichcausescorrespondingchangesinthermalconductanceofthecontact
.

by changingthecontactconfiguration.Thesechangesmakeitdifficult
to duplicateexactlya particularpatternofjointmatchingorinterface
conductance.

8.Testreassemblyandnewinterfacematchinggivereproducibility
ofconductancevaluescomparablewithttitintheexperimentalscatter
ofanundisturbedass~l.y.

9.Ingeneral,interfacesformedbetweenroughspecimensgivemore
consistentdatathanthosebetweensmoothspecimens.

10.Interfaceconductmcehasa definitetendencyto increaseslowly
duringlongheatingperiodswhileallexpertientalconditionsarebeing
keptconstant.Therefore,a ttie-dependentphysicalpropertyofthe
metalmustalsobe involvedintheinterfaceconductance.However,the
timeeffectisonlya temporaryoneandthechangesaremostlyrecoverable
aftercooling.

Il.Becauseofthermalstressescausedbytemperaturegradientsand
unevenheatflowa certainamountofwarpingofthespecimensoccursat
theinterface.Furthermore,unannealedspecimensmayexperiencea relief
oftheroom-temperatureresidualstressesatelevatedtemperaturewhich
couldcauseadditionalwarping.Such
antevaluefarmorepronouncedlythan
flatness.

12.Forextremelysmoothandflat
valuesarehighlysensitivetominute
tionandmayvarywidely.

WarPiwmayinfluencetheconduct-
eitherroughnessorinitial .

surfacesincontacttheconductante
chaagesinthematchingconfigura-

13.Theresultsreportedhereincanbe usedquantitativelyinactual
engineeringanalysisprovidedthatmostoftheidealizedexperimental
conditionsarecloselyduplicatedinenactualdesign.Otherwise~ they
serveto indicateqwilitativelytherelationshipbetweentheamountof
heattransferand{he
joint.

SyracuseUniversity,
.Syracuse,N.Y.,

variouspertinent

February1,1954.

factors-inanactualstructural

.
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Figure 3.-Comparison of effect,of different surface roughnesses of JOlntS
of stainless steel -kJstainless steel on interface conductmce.
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IHgure 9.- Comparison of effects of heat-flow &ction on interface con-
ductance at varloua interface pressures.
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Figme 11.- Effect of surface matching on Interface conductance at vari-
ous interfa-cepressures.
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(b) WW s~~s, smw surface roughness (6>-microinchroot-mean-square);
75S-95 allmim.ml-tn-alulninum Joints .
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